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ABSTRACT

A theory for distributed feedback lasers in transversely bounded
structures is developed. The space harmonics approach is used to
discuss the general properties of periodic structures. The coupled
mode approach is used to develop expressions for the threshold gain,
longitudinal mode structure, and electromagnetic field distribution
for distributed feedback lasers.

Three basic structures are considered for distributed feedback
lasers--thin film waveguides, diffusion waveguides, and fiber wave-
guides.

Equations for the amplification of a waveguide mode that extends
transversely over both regions with and without gain are derived.

Analytical expressions are derived for coupling between modes
in periodically perturbed dielectric waveguides. Sinusoidal pertur-
bations of the electric permittivity and of the waveguide boundary
are considered.

Theoretical results indicate that an optimum design of distri-
buted feedback lasers can be achieved by an appropriate choice of
geometrical parameters. Regions of optimum design are illustrated
in numerous plots of normalized threshold gain versus normalized

laser frequency.
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Chapter 1
INTRODUCTION

This report is a theoretical investigation of active
periodic dielectric waveguides. Such structures are known as dis-
tributed feedback (DFB) lasers. The principal requirements of any
laser source are an optical cavity, feedback, and an active medium to
provide optical gain. Conventional Taser sources sandwich a material
with gain between mirrors. The mirrors provide feedback and the op-
tical cavity is the resulting Fabré-Perot etalon.

For distributed feedback lasers, the optical cavity is a sec-
tion of a waveguide. The feedback is provided by a periodic perturba-
tion of a waveguide parameter such as the waveguide width or dielectric
constant. The periodic perturbation provides a distributed scattering
mechanism that couples a forward waveguide mode to a backward waveguide
mode. The gain medium can be included inside the waveguide or in the
substrate or cladding adjacent to the guiding region. A gain medium is
a material that amplifies an electromagnetic wave propagating in the
medium. The gain of a medium is defined (see Chapter III) as the
natural logarithm of the amplitude growth of the electromagnetic field
per unit length.

Distributed feedback lasing structures offer several advantages
over conventional lasers. The small size of the optical waveguiding
structure reduces pump power and facilitates heat transfer. Addition-
ally, this efficient, stable, compact device is capable of being con-
structed along with other optical elements on a single block of

semiconductor material. The field of integrated optics is concerned
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with the development and fabrication of such optical circuits.

DFB structures also have important applications in high power
and high frequency lasers. A serious problem with several high power

. . _—
conventional lasers is mirror burning 3,14

due to high energy density
at the mirrors. DFB lasers do away with mirrors, as thousands of period-
ic perturbations provide the feedback. High frequency lasers, such as
a proposed vacuum ultraviolet SOOR superfluid helium laser under con-
sideration at the Jet Propulsion Laboratory, may require mirrors with
reflectivity greater than present day materials can provide at the
desired lasing wavelength. Of course it is only natural to consider
periodic crystals as a cavity for future X-ray lasers, since periodic
crystals played a large role in the development of X-rays. In particu-
lar, the utilization of naturally occurring minerals and new synthetic
analogues of the zeolite class have been proposed as DFB laser and
monochromator cavitiesls. The zeolite class has a porous honeycomb
structure of long channels with atomic spacing from 7—82. Such struc-
tures appear ideal for neon Ku radiation at 14.613.

The first DFB laser was developed by Kogelnik and Shank68 in
1971, and since then a number of researchers have reported the develop-
ment of different types of distributed feedback Tasers”?209-73,

The first theoretical analysis of DFB lasers was that of
Kogelnik and Shankl for a transversely infinite and homogeneous medium.
Marcuse2 then suggested using distributed feedback in capillary gas
lasers, and calculated coupling coefficients between "quided" modes of

a hollow dielectric waveguide to estimate the laser threshold based on

the analysis of Kogelnik and Shank. The optical cavity of a capillary
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gas laser is unlike a conventional dielectric waveguide where the
refractive index is larger in the core than in the surrounding medium.
In a conventional optical waveguide it is possible to confine light to
the core region by making use of total internal reflection of rays
that are reflected from the core-cladding interface. In capillary
lasers the core region is a gas with a Tow index of refraction rela-
tive to the refractive index of the surrounding medium. No total
internal reflection is possible at the core cladding interface and

all modes of such a structure are radiation modes. In Chapter V, a
scheme to support conventional guided modes in a capillary laser by
diffusing impurities into the cladding to provide a guiding structure

is studied4.

Other researchers have proposed analyses for dielectric slab
waveguide DFB lasers. Wangs’6 considered thin film waveguides and
used the waveguide structure to calculate a reduced value of the
coupling constant derived by Kogelnik and Shank. DeWames and Ha117
used a space harmonics method and derived solutions identical to those
of Kogelnik and Shank with analytic expressions for the reduction of
both the coupling and threshold gain coefficients due to field pene-
tration beyond the active medium. .

Both the above analyses require the forward and backward waves
to be the éame mode, and the active medium is considered to be in the
guide.

Applications of the distributed feedback principle have been

theoretically applied to hybrid laser structures. Chinn8 has extended
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the analysis of Kogelnik and Shank for the case of mirror reflectivity

9 6

at the end faces of a DFB structure. Shubert and Anderson”, Wang ,

and Shubertw’25

have considered nonuniform distributed feedback lasers
where the distributed feedback and gain regions are nonuniform over the
laser structure.

The treatment in this dissertation begins in Chapter II with a
different formulation of the coupled mode theory for DFB lasers that
allows the forward and backward waves to experience different gain (or
attenuation) and travel with different group velocities. This approach
is especially applicable to cases where the forward and backward waves
are different modes of the guiding structure.

The third chapter calculates the effective gain of a waveguide
mode. For practical DFB devices, the gain medium is either in the
guiding region or in the substrate or cladding surrounding the guiding
medium. The energy of a waveguide mode, however, is spread over por-
tions of both regions. Solving the dispersion relations of the wave-
guide with complex dielectric constants allows solving for an effective
gain for the mode. The effective gain is a function of mode number and
frequency and is used to calculate the gain of the forward and backward
waves considered in Chapter II.

The fourth chapter treats coupling between modes of a wave-
quide due to a periodic perturbation of a waveguide parameter. The
analytical expressions derived for the coupling coefficients are good
for all frequencies and wavequide dimensions with the constraints that
the periodic boundary perturbation (nW) be small (< 10%) compared to

the laser oscillation wavelength, and the permittivity perturbation (n¢)
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be much less than «.

In Chapter V, theoretical results are obtained for three basic
types of DFB dielectric wavequide lasers. The first waveguide struc-
ture considered is a thin film or dielectric slab. A thin film DFB
laser would be an ideal source of radiation for planar waveguide optics
in the emerging field of integrated optics.

The next structures considered are optical waveguides formed
by diffusion. Considerable interest has been expressed recently in
such waveguides, as the diffusion process circumvents the difficulty of
growing suitable thin single-crystal layers.

The final structure analyzed is an optical fiber waveguide. If
a region of a fiber incorporated a laser source, the complicated problem
of coupling light from an external source vanishes.

A major result of Chapter V is that for a given waveguide struc-
ture and lasing wavelength there is usually an optimum choice of

geometric parameters that result in a minimum required threshold gain1].
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Chapter II

Distributed Feedback Laser Theory

The study of distributed feedback lasers is in large part a
study of electromagnetic wave propagation in periodic structures.
Propagation of waves in periodic media was discussed as early as 1887

49 and Yan der Pol and Struttso.

by Lord Rayleigh*®and Tater by Strutt
A detailed and comprehensive review of the work on waves in periodic

structures as of the late 1940's can be found in Wave Propagation in
47

Periodic Structures’ by Leon Brillouin. The work concerning waves

in periodic structures has not been limited to optical waves, but
covers the electromagnetic spectrum from microwaves to X-rays as well
as mechanical waves, vibrational waves, and electrons in crysta]sS].

Two major approaches are used in the study of periodic struc-
tures: the exact space harmonics (Floquet) approach and the approximate
coupled mode approach. In this chapter we begin with a review of the
space harmonics approach to discuss the general properties of periodic
structures,

The space harmonics formalism provides exact solutions but is
somewhat cumbersome., For this reason, in Section B we use the coupled
mode approach to obtain coupled wave equations for DFB lasers in guid-
ing structures. The coupled wave equations are then solved in Section
C to obtain general equations for the required threshold gain (i.e.,
the gain the material is required to have before there is any oscilla-

tion or light output), longitudinal mode distribution, and longitudinal

field distribution.
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In Appendix D, the relation between space harmonics and

coupled mode theory is explored. We find that for the applications
considered in this dissertation, the approximations required by the
coupled mode approach are valid. This result is not surprising because
coupled wave formalism has been successfully employed to describe X-ray

diffraction‘s, light diffraction by acoustic waves”’33

18

, and electro-

19,52

optic gratings ~, and the properties of thick film holograms

A. Space Harmonics

To illustrate the principles of the space harmonics formalism,
we consider the problem of propagation of a transverse electric wave
(E = gyEy and H=eH + ngZ) along a dielectric waveguide where
the permittivity in the guiding region is periodically perturbed (see
Fig. 21b).

We begin with Maxwell's equations:

oM
vV X _E_-'- -U 5T (2.1a)
_9d
7x = () + g (2.1b)
Vo ﬂ: (2-](:)
VeeE=op (2.1d)

and the medium constants are

=
1}

Hy s the free space magnetic pérmeabi]ity

e(z)

"

eoe](l-+n cos Kz) (perturbation region) (2.2a)
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Fig. 2.1 Possible configurations for DFB lasers: (a) waveguide
boundary perturbation, (b) periodic permittivity inside the
waveguide, (c) periodic permittivity in the substrate. The
active medium can be either in the waveguide or in the
substrate.
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e(z) = €0 (homogeneous region) (2.2b)

where
e = free space electric permittivity

€13€y = relative permittivity of the undisturbed dielectric
in the perturbation region or homogeneous region

n = amplitude of the relative permeability change
K =2n/A , the wave vector of the periodic disturbance

A = the wavelength of the periodic disturbance

Equation (2.2a) is the expression for the electric permittivity in the
guiding region, and (2.2b) the expression outside the guiding region.

We reduce Maxwell's equations to the monochromatic state36

by
choosing exp(-iwt) for the time dependence.
Maxwell's equations give the wave equation in a current and

source-free periodic medium for TE waves as

2 2 2

d E-y 3 Ey 3 Ey (2) 2 ( )
+ + + € z) KE =0 2.3
8x2 ay2 aZ2 rel y
where
2 _ 2 . 2,2
kK= = w HoEo = W /c (2.4)

¢ 1is the speed of 1ight in vacuum, and

(z) = e(z)/e

€rel 0

By (2.2a)
e(z + A7) = e(z2) (2.5)

and therefore (2.3) is a partial differential equation with periodic
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coefficient e(z) and can be solved with the help of a representation

37-40

commonly referred to as Floquet's theorem This theorem is

actually a generalization to linear partial differential equations of

a theorem in ordinary linear differential equations with periodic co-

efficients established by F1oquet42. Such generalizations have been

43, and more recently by Odeh and Ke]]er4].

Applied to (2.3), Floquet's theorem may be stated as fo]]ows37: A

carried out by Bloch

time harmonic electromagnetic field Ey(x,y,z) of a normal mode guided

along an axially periodic structure possesses the property
Ey(x,y,z+A) = ¢'BA Ey(x,y,z) ' (2.6)

The Floquet wave vector B8 is referred to as the fundamental propaga-
tion constant.

For the sake of simplicity, we consider the guiding structure
to depend transversely only on the x coordinate, and assume the struc-
ture infinitely homgeneous in the y coordinate. We can therefore
assume no Ey dependence on y .

If we define P(x,z) by

Ey(x,z) - o182 P(x,z) (2.7)

we verify from (2.6) that
P(x,z+A) = P(x,2) (2.8)

Equations (2.7) and (2.8) constitute an equivalent statement of
Floquet's theorem for axially periodic structures, and says that the

cross sectional field distribution of a periodic structure remains
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unchanged under an axial translation of the observation point through

a distance A , while the mode amplitude multiplies itself by a con-

stant e1BA .

Hesse137

distinguishes P{x,z) as the local "microscopic" field
structure within a period, and Ey(x,z) given by (2.7) as the guided-
wave field at any point on an infinite periodic structure.

We now expand P(x,z) 1in a Fourier series

P(x,2) = ] da (x) e (2.9)
n=-oo
and substitute into (2.7):
i s inK z < i(p+nK)z
E (x,2) = e'P? Toda(x)e™?= 7 da(x)e
y nese M N Nz NN (2.10)

The expansion (2.10) indicates the field is expressible as an infinite

sum of travelling waves of the form dnan(x) exp[i(B + nK)z]. These

travelling waves are commonly called space harmonics. The wave vectors

B+nK represent the spatial harmonic longitudinal propagation constants

while dn denotes the corresponding spatial harmonic amplitudes, and

an(x) denotes the normalized (at the boundary) transverse dependence.
If we write (2.2a) in the exponential form

e(z) = e c,[1 + geTKZ ; g-e"'(z} (2.11)

we can insert (2.10) into (2.3) and obtain









































































































































































































































































































































































































































































































